ABSTRACT This study was conducted to determine the effects of dietary supplementation with phenyllactic acid (PLA) on growth performance, intestinal microbiota, relative organ weight, blood characteristics, and meat quality in broilers. A total of 500 male broilers (BW = 46.3 g) were randomly allotted into 1 of the following 5 dietary treatments: 1) basal diet (CON), 2) basal diet + 44 mg/kg of avilamycin (ANT), 3) basal diet + 0.2% PLA (PLA0.2), 4) basal diet + 0.4% PLA (PLA0.4), 5) basal diet + 0.2% PLA + 44 mg/kg of avilamycin (PA). Chicks fed PLA had lower feed intake (FI) from d 0 to 7 (P < 0.05) than those fed CON and ANT. From d 21 to 35, BW gain was greater in ANT, PLA0.4, and PA diets than CON and PLA0.2 diets (P < 0.05), whereas the FI was lowest in the PLA0.4 diet. Feed efficiency was depressed (P < 0.05) by the antibiotics and PLA supplementation during d 0 to 7, whereas it was improved (P < 0.05) in the PLA and ANT diets during d 21 to 35, with the best value in PLA0.4.The population of Escherichia coli in the large intestine was lower in the ANT, PLA0.4, and PA groups than the CON and PLA0.2 groups (P < 0.05). The relative weights of gizzard, liver, spleen, bursa of Fabricius, breast, and abdominal fat were unaffected by any of the dietary supplementations. Treatment of PLA led to an increase (P < 0.05) in the concentrations of white blood cells and lymphocyte percentage. The yellowness of breast muscle decreased by ANT, PLA0.4, and PA treatment. In conclusion, PLA can improve growth performance when it is supplemented in finisher diet (d 21 to 35), whereas it can depress BW gain and FI in earlier days (d 0 to 7). In addition, PLA can also decrease the number of E. coli in the large intestine and improve the number of immune-related blood cells.
INTRODUCTION
Organic acids have been used as alternatives for antibiotics for several years and have been demonstrated to improve growth performance, mineral digestibility, and phytate P utilization by nonruminant animals (Boling et al., 2000; Snow et al., 2004) . Organic acids can improve animal performance due to their antimicrobial activity, which improves protein and energy digestibility by reducing microbial competition with the host for nutrients and endogenous nitrogen losses, as well as by lowering the incidence of subclinical infections and the secretion of immune mediators (Dibner and Buttin, 2002) . On the other hand, poultry meat color is a critical food quality attribute, which is important for both the consumer's initial selection of a raw meat product in the marketplace and for the consumer's final evaluation and ultimate acceptance of the cooked product upon consumption. Additionally, the broiler breast meat color is highly associated with the meat pH value (Fletcher, 1999) .Therefore, we hypothesized that addition of organic acids may exert effect on meat color by altering the meat pH.
Phenyllactic acid (PLA) is a metabolite involved in phenylalanine and tyrosine degradation that has been used as a natural antimicrobial compound to control fungal contaminants and extend the shelf lives of foods and feedstuffs. Phenyllactic acid has recently been isolated in cultures of Lactobacillus plantarum and is known to inhibit the growth of a wide variety of fungal strains and pathogenic bacteria, including several strains of Staphylococcus aureus and Escherichia coli (Dieuleveux et al., 1998; Ström et al., 2002) . In addition, PLA has less odor than other organic acids such as acetic acid.
The results of our previous work revealed that PLA can improve egg production and white blood cell (WBC) and lymphocyte concentration of laying hens when added at levels of 0.3% (Wang et al., 2009b) .
However, literature about application of PLA to the diets of broilers is lacking; therefore, this study was conducted to evaluate its effects on growth performance, blood characteristics, intestinal microbial populations, relative organ weight, blood characteristics, and meat quality of broilers.
MATERIALS AND METHODS

Preparation of PLA
The PLA (l-3-PLA) was prepared and supplied in the form of powder by Biotopia Co. Ltd. (Anseong, Gyeonggi, Korea). The product was manufactured by isolating recombinant E. coli BL21 strain that could produce l-amino acid deaminase, which can convert phenylalanine to PLA, and then separating the PLA by HPLC to give a final product with 92% purity and 3.46 pK a .
Birds and Housing
Five hundred 2-d-old male Arbor Acres (BW of 46.3 ± 5 g) broiler chicks were obtained from a commercial hatchery (Yang Ji Company, Cheonan, Choongnam, South Korea). All birds were randomly raised in a house with stainless steel pens of identical size (1.75 × 1.55 m) with concrete floors covered with clean rice bran in an area that was provided with continuous light. The temperature of the room was maintained at 33 ± 1°C for the first 3 d and decreased to 24°C until the end of the experiment. The diets were fed during the experiment in 2 phases consisting of a starter phase from d 0 to 21 and a finisher phase from d 22 to 35. The chicks were given free access to water and mash feed. All birds used in this trial were handled in accordance with the guidelines set forth by the Animal Care and Use Committee of Dankook University.
Experiment Design and Diets
The broilers were randomly allotted into to 1 of 5 dietary treatments. The composition of the basal diet is shown in Table 1 . The dietary treatments were as follows: 1) basal diet (CON), 2) basal diet + 44 mg/ kg of avilamycin (ANT), 3) basal diet + 0.2% PLA (PLA0.2), 4) basal diet + 0.4% PLA (PLA0.4), 5) basal diet + 0.2% PLA + 44 mg/kg of avilamycin (PA). There were 5 replicate pens per treatment with 20 birds per pen. All diets were formulated to meet or exceed the dietary nutritional requirements of the broilers reported by the NRC (1994).
Sampling and Measurements
The broilers were weighed by pen and feed intake (FI) was recorded on d 0, 7, 21, and 35. This information was then used to calculate BW gain (BWG) and feed conversion ratio (FCR). At the end of the experiment, 15 broilers were randomly selected from each treatment (3 birds per pen) and blood samples were selected from the wing vein into a sterile syringe and stored at −4°C. The WBC, red blood cells, and lymphocyte counts in the whole blood were then determined using an automatic blood analyzer (ADVIA 120, Bayer, Tarrytown, NY). Samples for serum analysis were then centrifuged at 3,000 × g for 15 min, after which the serum was separated. The IgG was analyzed using nephelometry (Dade Behring, Marburg, Germany). After blood collection, the same broilers were weighed individually and slaughtered by cervical dislocation. The stomach, breast meat, bursa of Fabricius, liver, spleen, and abdominal fat were then removed by trained personnel and weighed. The breast muscle was stored at −20°C for the following analysis. Organ weight was expressed as a percentage of BW.
The breast muscle Hunter L* (lightness), a* (redness), and b* (yellowness) values were determined using a Minolta CR410 chromameter (Konica Minolta Sensing Inc., Osaka, Japan). Duplicate pH values for each sample were measured using a pH meter (Fisher Scientific, Pittsburgh, PA).
Intestinal Microbial Populations
On d 35, four chicks from each replicate pen were killed via CO 2 inhalation and the contents of their small and large intestine were then extracted. The content samples of small and large intestine from different chicks were then pooled together for subsequent analysis of the bacterial populations by serial dilution. To accomplish this, serial dilution (10 −4 to 10 −7 ) of the contents of the intestine was made using anaerobic diluents and then plated onto MacConkey agar plates (Difco Laboratories, Detroit, MI) and lactobacilli medium III agar plates (Medium 638, DSMZ, Braunschweig, Germany) to isolate the E. coli and Lactobacillus, respectively. The lactobacilli medium III agar plates were incubated for 48 h at 39°C under anaerobic conditions. The MacConkey agar plates were incubated for 24 h at 37°C. The E. coli and Lactobacillus colonies were counted immediately upon removal from the incubator.
Statistical Analysis
The average weekly data were statistically analyzed by 1-way ANOVA using the GLM procedure of SAS (SAS Institute, 1998) , with the pen as the experimental unit. Before conducting statistical analysis of the microbial counts, the value was transformed logarithmically. Differences among all treatments were separated by Duncan's multiple test, with a P < 0.05 indicating significance.
RESULTS
Growth Performance
During d 0 to7, BWG were decreased (P < 0.05) by the addition of PLA (no difference between PLA including treatments), whereas during d 21 to 35, BWG were higher in ANT, PLA0.4, and PA treatments than CON and PLA0.2 treatments (P < 0.05, Table 2 ). The FI was lowest in the PLA0.4 treatment during all experimental periods except d 8 to 21 (P < 0.05). During d 0 to 7, the FCR was higher (P < 0.05) in the antibiotics group than the other treatments. The birds fed ANT and PLA0.4 diets had the greatest feed efficiency than those of other treatments from d 21 to 35 (P < 0.05). There is no difference between CON and the PLA-containing groups in FCR during the overall experiment, whereas the antibiotics group had the lowest FCR value compared with others (P < 0.05).
Small and Large Intestinal Microbial Population
The population of Lactobacillus in both small and large intestine was not affected by the dietary treatments (Table 3) . Moreover, the ANT, PLA0.4, and PA treatments were shown to reduce the E. coli population in large intestine (P < 0.05) relative to the CON and PLA0.2 treatments.
Relative Organ Weight and Blood Characteristics
The relative weights of gizzard, liver, spleen, bursa of Fabricius, breast, and abdominal fat were not affected by any dietary supplementations (Table 4) .
Neither PLA nor antibiotic supplementation had an effect on the red blood cells and IgG concentrations (Table 5) . However, the WBC counts and lymphocyte percentages were highest in the PA treatment (P < 0.05). a-c Within a row, means with different superscripts differ (P < 0.05). 1 Each mean represents 5 pens with 100 chicks each per treatment. Dietary treatments were as follows: CON = basal diet; ANT = 100 mg/kg of avilamycin; PLA0.2 = 0.2% PLA; PLA0.4 = 0.4% PLA; PA = 100 mg/kg of avilamycin + 0.2% PLA. The purity of PLA was 92%.
2 BWG = BW gain; FI = feed intake; FCR = feed conversion ratio.
Meat Color and pH
The means of L*, a*, and pH values did not differ among treatment groups (Table 6 ). However, the b* values were lower in ANT, PLA0.4, and PA treatments (P < 0.05) than other treatments.
DISCUSSION
The inclusion of organic acid in feeds for pigs and poultry has been studied for decades with both negative and positive results; however, little research has been conducted to evaluate the effects of PLA in poultry. The only study that we are aware of was conducted by Boebel and Baker (1982) to determine if the PLA could act as a replacement for the use of phenylalanine by rats and chicks. Previous studies have shown that other organic acids exerted an antimicrobial effect in the gastrointestinal tract and improved the FCR of broilers (Ricke, 2003; Hernández et al., 2006; García et al., 2007) . Both antibiotics and organic acids improve protein and energy digestibility by reducing microbial competition with the host for nutrients and endogenous nitrogen losses, by reducing the incidence of subclinical infections and secretion of immune mediators, and by reducing production of ammonia and other growthdepressing microbial metabolites (Dibner and Buttin, 2002; Tung and Pettigrew, 2006) . However, our present study showed that the weight gain was depressed by the PLA from d 0 to 7 and FI was reduced until d 21. This is consistent with Biggs and Parsons (2008) , who reported that 4% malic acid depressed weight gain and FI in chicks from 0 to 7, 8 to 21, and 0 to 21 d. The reason for these decreases may be due to the comparative high acid concentrations used here. Similarly, Dibner and Buttin (2002) demonstrated that higher acid concentrations were associated with reductions in FI and BW.
Phenyllactic acid is known to have a wide bactericidal activity against 19 strains of bacteria in vitro at levels of less than 10 mg·mL −1 (Lavermicocca et al., 2003) . Dieuleveux et al. (1998) also found that in vitro treatment with d-3-PLA inhibited the growth of S. aureus, E. coli, and Aeromonas hydrophila on solid medium. Previous studies from our laboratory have reported that 0.4% PLA caused a linear reduction in the proliferation of fecal E. coli in postweanling pigs at d 35 (Wang et al., 2009a) . Moreover, an interaction between antibiotics and PLA was found to lower the E. coli population in the small intestine, which suggested that the PLA and antibiotics have a synergistic antimicrobial function. However, the mechanism by which these effects occurred has not been clear until now. Antibiotics have been used widely used as feed additives for swine since the early 1950s, and their ability to improve the rate and efficiency of growth in pigs and poultry is well documented in numerous studies (Stahly et al., 1980; Chapman and Johnsont, 2002) . Both antibiotics and organic acids can result in a shift in the bacterial population and a reduction in volatile fatty acid and lactic acid production (Dibner and Buttin, 2002; Tung and Pettigrew, 2006) . More specifically, the numbers of coliforms, E. coli, and Salmonella in the large intestine and carcass of broilers decrease regardless of type and form of organic acid (Corliss et al., 2008) . The inferior feed conversion efficiency in response to antibiotics in the first 7 d may be attributed to the hygiene environment used in this experiment. Unlike antibiotics, the magnitude of the antimicrobial effects of organic acids varies from one acid to another and is also dependent on concentration and pH (Chaveerach et al., 2002) . These properties may explain the inconsistent interaction that is often observed between antibiotics and PLA.
Our results revealed that immunity-related blood profile, WBC, and lymphocyte concentration were enhanced by the effect of PLA. These findings are in agreement with the previous studies conducted in our laboratory, which have demonstrated that laying hens fed 0.1% PLA had higher WBC concentrations, whereas those with 0.3% PLA had a higher lymphocyte concentration in laying hens (Wang et al., 2009b) . Similarly, Wang et al. indicated that the WBC and lymphocyte concentration increased in response to the addition of PLA in both weanling and both weaning and growing pigs (Wang et al., 2009a) . However, the mechanism by which organic acids affect immune responses is not well elucidated. As one of the largest immune organs of the animals, the gastrointestinal system and its associated lymphoid play a crucial role in the animals' immunological function (Insoft et al., 2005) . It is hypothesized that organic acids can influence the population of gut intestinal microorganisms, which are necessary for the development of the gut immune system. In addition, organic acids can improve the utilization of minerals, such as Fe, Ca, and P, which are important to immunity (Cole, 1968; Mroz et al., 2000; Rafacz-Livingston et al., 2005) .
Neither the gastrointestinal system nor the organs evaluated in this study were affected by the addition of PLA. In addition, no comparisons with other studies could be made because there have been no other studies conducted to evaluate the effects of PLA or other types of organic acids on organ weight to date. Phenyllactic acid had no effect on Hunter L*, a*, or pH; however, birds in the PLA treatment group were found to have a lower b* score than those in the control and antibiotics groups. Color of meat acts as a determinant index deciding the consumer's acceptance of the product. There are many factors shown to be related to meat color, including bird sex, age, strain, stress, moisture, rigor development, method of processing, exposure to chemicals, cooking method irradiation, and freezing time (Mugler and Cunningham, 1972; Owens et al., 2000; Woelfel et al., 2002) . Interestingly, Allen et al. (1993) found that there was a positive correlation between pH Dietary treatments were as follows: CON = basal diet; ANT = 100 mg/kg of avilamycin; PLA0.2 = 0.2% PLA; PLA0.4 = 0.4% PLA; PA = 100 mg/kg of avilamycin + 0.2% PLA. The purity of PLA was 92%.
2 L* = lightness; a* = redness; b* = yellowness.
and meat color. Lightness (L*) and yellowness (b*) were found to correlate negatively to pH, whereas redness (a*) had a positive correlation. Thus, as the pH increased, the lightness and yellowness values decreased, but the redness values increased. However, in current study, the yellowness was decreased by PLA and antibiotics addition without reduction in the meat pH, which may suggest there may also be another possible mechanism to explain. It is evident that myoglobin is the predominant meat pigment and accounts for 80% of the meat pigment, which plays a crucial role in the meat color (Mancini and Hunt, 2005) . Myoglobin consists of a protein called a globin and the nonprotein portion as heme ring. The heme portion is important because color of meat predominantly depends on the chemical state of the Fe present in the heme ring. Therefore, we hypothesize that the PLA and antibiotics may be involved in this process by possibly affecting Fe status and microorganisms in breast meat. By reducing the pH of the diet, organic acid may improve the utilization of minerals, such as Ca or Fe (Cole et al., 1968; Mroz et al., 2000) . Stivarius et al. (2002) reported that acetic acid reduced all bacterial types (E. coli. and Salmonella Typhimurium) evaluated and caused changes in ground beef color (L*, a*, and b* values). Moreover, the microbes may also produce compounds, which may react with the heme pigments to produce amino acids and amines as well as other colors (Stivarius et al., 2002) . Therefore, further studies are necessary to investigate the muscle myoglobin content and microorganisms of animals that have been fed PLA. Moreover, the lack of consistent benefits in response to treatment with organic acids is likely related to uncontrolled variables such as buffering capacity of dietary ingredients, the presence of other antimicrobial compounds, cleanliness of the production environment, and heterogeneity of the gut microbiota. Additional studies can clarify the role and management of these factors.
In conclusion, the results presented in this study demonstrate that supplementation with 0.2 or 0.4% PLA depressed FI and BWG during the first 7 d, but growth performance improved after 21 d. These results indicate that 0.2 or 0.4% PLA is not the optimal level for broilers under 7 d. Both PLA and antibiotics were found to exert an antipathogen effect in large intestine. The PLA supplementation also reduces yellowness of meat and benefits chick's immune response to some extent. Therefore, dietary PLA partly ameliorated meat quality and improved the health of chicks.
